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(57) Abstract 

A vertical cavity surface emitting 
laser (VCSEL) includes a bottom mirror 
stack disposed above a semiconductor sub- 
strate, an optical cavity including an ac- 
tive region disposed above the bottom mir- 
ror stack, and a top mirror stack disposed 
above the optica! cavity. A tunnel junc- 
tion interface between an n*doped layer of 
GaAs and a p-doped layer of GaAs for con- 
verting electrons to holes is incorporated 
in the optical cavity or in the period of ei- 
ther of the mirror stacks adjacent the op- 
tica! cavity. The tunnel junction interface 
effectively converts n carriers to p carri- 
ers, which eliminates the need for a p-type 
contact. As a result, the VCSEL is able 
to include a second n-type contact, rather 
than the p-type contact suggested by con- 
ventional techniques, and a thin p-doped 
GaAs layer. The advantages of having 
a second n-type contact rather than a p- 
type contact include a lower electrical re- 
sistance and lower optical loss for the VC- 
SEL. When the invention is embodied in 
a VCSEL with an intracavity contact, one 
of the mirrors can be undoped. This futher 
reduces optical loss for the VCSEL. The 
VCSEL can be electrically pumped using 
first and second contacts to n- material por- 
tions of the VCSEL to emit coherent elec- 
tromagnetic radiation having a wavelength in a range from 1250 nm to 1650 nm. 
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TITLE OF THE INVENTION 



VERTICAL CAVITY SURFACE EMITTING 
LASER WITH TUNNEL JUNCTION 



FIELD OF THE INVENTION 

This invention relates to vertical cavity surface emitting lasers 
(VCSELs), and more particularly to VCSELs having a tunnel junction interface 
1 0 and two n-type contacts or an intracavity contact. 



BACKGROUND OF THE INVENTION 

A VCSEL is a semiconductor laser consisting of a semiconductor layer 
of optically active material, such as gallium arsenide or indium gallium arsenide, 

1 5 sandwiched between highly-reflective layers of metallic material, dielectric 

material, epitaxially-grown semiconductor material or combinations thereof, the 
layers forming a mirror stack. Conventionally, one of the mirror stacks is 
partially reflective so as to pass a portion of the coherent light built up in the 
resonant optical cavity formed by the mirror stack/active layer sandwich. 

2 0 Laser structures require optical confinement and carrier confinement to 

achieve efficient conversion of pumping electrons to stimulated photons. A 
semiconductor may lase if it achieves population inversion in the energy bands 
of the active material. The standing wave in the optical cavity has a 
characteristic cross-section giving rise to an electromagnetic mode. A 

25 desirable electromagnetic mode is the single fundamental mode, for example, 
the HEn mode of a cylindrical waveguide. A single mode signal from a VCSEL 
is easily coupled into an optical fiber, has low divergence, and is inherently 
single frequency in operation. 



BNSDOCID: <WO 980721 8A1_I_> 



WO 98/07218 PCT/US97/12147 

2 

All semiconductor lasers rely on stimulated recombination of electrons 
and holes in the depletion region of a p-n junction. As a result, most such 
lasers require electrical contacts to both p and n regions, to supply both holes 
and electrons for recombination. 
5 Recently, an edge-emitting semiconductor laser with two n-type 

contacts was fabricated. This is described in A.R. Sugg, et al., "n-p-(p+-n+)-n 
AlyGaLyAs-GaAs-lnxGa^xAs quantum-well laser with p+-n+ GaAs-lnGaAs 
tunnel contact on n-GaAs," Applied Physics Letters 62(20), 17 May 1993, pp. 
2510-2512. In Sugg, et al. 9 electrons from one of the n contacts were 
1 0 converted to holes through the use of a reverse-biased tunnel junction. This 

conversion allowed the requirement for both holes and electrons to be satisfied, 
while still using two n-type contacts. The purpose of the work in Sugg, et al. 
was to allow an "n-up" edge-emitting semiconductor laser to be fabricated on 
an n-type substrate. 

15 

SUMMARY OF THE INVENTION 

A vertical cavity surface emitting laser (VCSEL) constructed according 
to the invention includes a pair of mirror stacks with an optical cavity including 
an active region disposed between the mirror stacks. A tunnel junction 

2 0 interface between an n-doped layer of GaAs and a p-doped layer of GaAs is 
incorporated in the optical cavity, or in one of the mirror stacks adjacent the 
optical cavity. The tunnel junction interface effectively converts n carriers to p 
carriers, which eliminates the need for a p-type contact. As a result, the p-type 
contact required in a conventional VCSEL, can be eliminated so that the 

2 5 VCSEL according to the invention can be energized using a pair of n-type 
contacts. 



BNSDOCID: <WO_8S07216A1_L> 



WO 98/07218 PCT/US97/12147 

3 

The advantages of having two n-type contacts, rather than a p-type 
contact and an n-type contact, are lower electrical resistance and lower optical 
loss. Moreover/when the invention is embodied in a VCSEL with an intracavity 
contact, one of the mirror stacks can be undoped. This further reduces optical 
5 loss for the VCSEL. 

An annular resistive layer can be incorporated into the VCSEL for 
current confinement. The VCSEL can be electrically pumped to emit coherent 
electromagnetic radiation having a wavelength in a range from 1250 nm to 
1650 nm. 

10 Other features and advantages of the invention will become apparent 

from the following detailed description, taken in conjunction with the 
accompanying drawings, which illustrate, by way of example, the features of 
the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 In the drawings: 

FIG. 1 shows a conventional VCSEL having a typical doping profile; t. 
FIG. 2 shows an implant-constricted VCSEL having a tunnel junction 
interface and with current driven through both mirror stacks according to a first 
embodiment of the invention; 
2 0 FIG. 3 shows an oxide-constricted VCSEL having a tunnel junction 

interface and with current driven through both mirror stacks according to a 
second embodiment of the invention; and 

FIG. 4 shows an oxide-constricted VCSEL having a tunnel junction 
interface and with an intracavity contact through which current bypasses one 
2 5 mirror stack according to a third embodiment of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

In this description, 'top" or "upper" are relative to the semiconductor 
substrate and refer to regions of the VCSEL that are away from the substrate, 
and "bottom" and "lower" are relative terms meaning toward the substrate. 
5 Referring to FIG. 1 . a conventional VCSEL having a typical doping 

profile includes an n-substrate 12. An n-doped mirror stack 14 is fabricated 
above the n-substrate. An optical cavity 16 including an active region is 
fabricated above the n-doped mirror stack. The optical cavity includes an n- 
doped layer 1 8 confronting the n-doped mirror stack, a quantum well region 20 

1 0 confronting n-doped layer 18, and a p-doped layer 22 confronting quantum well 
region 20. A p-doped mirror stack 24 is disposed above optical cavity 16. A p- 
metal contact 26 is applied to the top surface of p-doped mirror stack 24. An n- 
metal contact 28 is applied to the bottom surface of the n-substrate. 

A vertical cavity surface emitting Jaser (VCSEL) constructed on a 

1 5 semiconductor substrate according to the principles of the invention includes a 
bottom mirror stack disposed above the substrate, an optical cavity including an 
active region disposed above the bottom mirror stack, and a top mirror stack 
disposed above the optical cavity. The optical cavity including the active region 
presents a central vertical axis. Two metallized electrodes contact n-type 

2 0 material of the VCSEL. A tunnel junction interface between an n-doped layer 
and a p-doped layer is incorporated within the optical cavity or in the period of 
either mirror stack adjacent the optical cavity. The tunnel junction interface 
includes two layers of GaAs. one being p-doped and the other being n-doped. 
The tunnel junction interface is part of the same epitaxial growth as the optical 

2 5 cavity or the mirror stacks. 
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Conventional VCSELs have an n-type contact and a p-type contact, as 
shown in FIG. 1. The tunnel junction interface taught herein effectively 
converts n carriers to p carriers, which eliminates the need for a p-type contact. 
As a result, the VCSEL is able to include a second n-type contact, rather than 
5 the p-type contact suggested by conventional techniques, and a thin p-doped 
GaAs layer. 

The advantages of having a second n-type contact, as taught herein, 
rather than a p-type contact include a lower electrical resistance and lower 
optical loss for the VCSEL. Moreover, when the invention is embodied in a 
1 0 VCSEL with an intracavity contact, one of the mirror stacks can be undoped. 
This further reduces optical loss in the VCSEL. 

Such VCSEL has lower electrical resistance than the conventional 
VCSEL structure shown in FIG. 1 because ohmic contacts to n-type material 
have lower resistance than contacts to p-type material. Conduction through an 
1 5 n-type mirror stack is better than conduction through a p-type mirror stack; and 
the absence of p-type dopants in such conducting mirror stack reduces optical 
loss. 

In a first embodiment of the invention as shown in FIG. 2, a VCSEL is 
implant-constricted for current confinement. Two metallized contacts of n-type 

20 material are used in the VCSEL. The optical cavity includes a tunnel junction 
interface to convert electrons into holes. Referring to FIG. 2, such an implant- 
constricted VCSEL includes on a GaAs substrate 32 a bottom n-type mirror 
stack 34 disposed above the substrate, an optical cavity 36 including an active 
region and disposed above the bottom mirror stack, and a top n-type mirror 

25 stack 38 disposed above the optical cavity. The bottom and top n-type mirror 
stacks are both fabricated from a system selected from (a) alternating layers of 
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GaAs and AlAs, or (b) alternating layers of GaAs and AIGaAs. Both bottom n- 
type mirror stack 34 and top n-type mirror stack 38 are doped at less than 5 x 
10 18 /cm 3 . Optical cavity 36 preferably includes InGaAsP and is wafer fused to 
bottom n-type mirror stack 34. 
5 The InGaAsP optical cavity includes an n-cladding layer 40 (consisting 

of InGaAsP and InP) disposed above bottom mirror stack 34 t quantum wells 42 
above the n-cladding layer, and a p-cladding layer 44 (consisting of InGaAsP 
and InP) disposed above the quantum wells. A GaAs layer 46, which is p- 
doped at 5 x 10 17 /cm 3 , is fabricated above the p-cladding layer 44 to aid 

1 0 conversion of n carriers to p carriers. A tunnel junction interface 48 is formed 
above p-doped GaAs layer 46. The tunnel junction interface has two 
confronting layers of epitaxially grown GaAs: a first .02 mm layer 50, which is 
n+ doped at greater than 1 x 10 19 /cm 3 , in confronting relationship with a second 
.02 mm layer 52 which is p+ doped at greater than 1 x 10 19 /cm 3 . Tunnel 

1 5 junction interface 48 is positioned at a minimum of the standing wave optical 
intensity profile 54 shown in FIG. 2. 

Alternatively, the tunnel junction interface can be formed in the mirror 
period of either mirror stack that is adjacent the optical cavity. 

The top n-type mirror stack 38 is wafer fused to the InGaAsP optical 

2 0 cavity 36. Protons (H+) are implanted along an annular section 56 of top n- 
type mirror stack 38 at tunnel junction interface 48. The annular section is 
radially displaced from and centered about the central vertical axis 58 of the 
optical cavity. Annular implant section 56 has a higher electrical resistivity than 
other parts of top n-type mirror stack 38 and constricts current flow to within the 

2 5 annular section. 
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A first n-metal contact 60 is applied to the n-type mirror stack 38. A 
second n-metal contact 62 is applied to substrate 32. Electrical current can be 
driven through both the top mirror stack and the bottom mirror stack with first 
and second electrodes 60, 62, which contact n-type material of the VCSEL 
5 The VCSEL shown in FIG. 2 is electrically powered to emit coherent 

electromagnetic radiation having a wavelength in a range from 1250 nm to 
1650 nm. 

In a second embodiment of the invention as shown in FIG. 3, a VCSEL 
is oxide-constricted for current confinement. Two n-metal electrodes contact n- 

1 0 type material of the VCSEL. A tunnel junction interface* is incorporated into the 
VCSEL to convert electrons to holes. The two layers of the tunnel junction 
interface are composed of epitaxially-grown GaAs, one being p-doped and the 
other being n-doped. The tunnel junction interface effectively converts n 
carriers to p carriers, which eliminates the need for a p-type contact. Asa 

15 result, the VCSEL is able to include a second n-type contact, rather than the p- 
type contact suggested by conventional techniques. The advantages of having 
a second n-type contact rather than a p-type contact include a lower electrical 
resistance and lower optical loss for the VCSEL. 

Referring to FIG. 3, such a VCSEL includes on a semiconductor 

20 substrate 66 a bottom n-type mirror stack 67 formed above the substrate, an 
optical cavity 68 including an active region presenting a central vertical axis 70 
and disposed above the bottom mirror stack, and a top n-type mirror stack 72 
disposed above optical cavity 68. The top n-type mirror stack 72 and the 
bottom n-type mirror stack 67 are each fabricated from a system of (a) 

2 5 alternating layers of GaAs and AIGaAs, or (b) alternating layers of GaAs and 

AlAs. Both the bottom n-type mirror stack and the top n-type mirror stack have 
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less than 5 x 10 18 /cm 3 doping. Optical cavity 68 preferably includes InGaAsP. 
Top n-type mirror stack 72 and bottom n-type mirror stack 67 are each wafer 
fused to optical cavity 68. 

The InGaAsP optical cavity 68 includes an n-cladding layer 74 
5 (consisting of InGaAsP and InP). quantum wells 76 above the n-cladding layer, 
and a p-cladding layer 78 (consisting of InGaAsP and InP) disposed above the 
quantum wells. A GaAs layer 80, which is p-doped at 5 x 10 17 /cm 3 , is 
fabricated above p-cladding layer 78 to aid conversion of n carriers to p 
carriers. A tunnel junction interface 82 includes two epitaxially-grown layers of 

10 GaAs in confronting relationship. One layer 84 is a .02 mm layer, which is n+ 
doped at greater than 1 x 10 l9 /cm 3 . The other layer 86 is a .02 mm layer, 
which is p+ doped at greater than 1 x 10 19 /cm 3 . Tunnel junction interface 82 is 
positioned at a minimum of the standing wave optical intensity profile 88. 
A thin AlGaAs oxidation layer 90 is formed as an annular-shaped 

1 5 section in the optical cavity. The annular-shaped section is radially-displaced 
from and centered about central vertical axis 70, This thin AlGaAs oxidation 
layer has a higher electrical resistivity than p-doped GaAs layer 80 and 
constricts current to move through annular section 90. 

A first metal contact 92 is applied to top n-type mirror stack 72 and a 

20 second metal contact 94 is applied to n-type GaAs substrate 66. Current is 
driven through both the top and bottom mirror stacks using first and second 
metal contacts 92, 94. The VCSEL shown in FIG. 3 preferably emits coherent 
electromagnetic radiation at a wavelength in a range from 1250 nm to 1650 nm. 
Alternatively, the tunnel junction interface can be located in a mirror 

2 5 period adjacent the optical cavity in either the top or bottom mirror stacks. 
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In the third embodiment of the invention, a VCSEL incorporates a tunnel 
junction interface and two n-type contacts to n-material in the VCSEL. 
According to an aspect of the invention, one of the n-type contacts is made to 
n-type material within the optical cavity. Current bypasses one of the bottom or 
5 top mirror stacks through this intracavity contact. Thus, one of the mirror 
stacks can be undoped. 

Referring to FIG. 4, such a VCSEL includes on an n-GaAs 
semiconductor substrate 98 a bottom n-type mirror stack 100 fabricated above 
the n-GaAs substrate. An optical cavity 102 including an active region is 
10 disposed above bottom h-type mirror stack 100 and presents a central vertical 
axis 103. An undoped top mirror stack 104 is fabricated above optical cavity 
102. 

Optical cavity 102 includes an n-ciadding layer 106 of InGaAsP, doped 
at 2 x 10 l8 /cm 3 . A quantum well region 108 is formed beneath n-cladding layer 

15 106. A p-cladding layer 110 of IriGaAsP, doped at 3 x 10 17 /cm 3 , is disposed 
beneath quantum well region 108. 

A layer 112 of GaAs, which is p-doped at 5 x 10 17 /cm 3 t is disposed in 
confronting relationship beneath p-cladding layer 110 to aid conversion of n 
carriers to p carriers. A thin oxidation layer 1 14 such as AIGaAs, shaped in the 

2 0 form of an annulus, is disposed benesath and in confronting relationship with p- 
doped layer 112. Annular oxidation layer 1 14 is radially-displaced from and 
centered about central vertical axis 103. The thin annular oxidation layer has a 
higher electrical resistance than other parts of the optical cavity. Annular- 
shaped oxidation layer 1 14 confines current through the annulus in the optical 

25 cavity. Current confinement can also be accomplished in this embodiment by 
proton implantation. 
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:A tunnel junction interface 116 between two confronting epitaxially- 
grown layers of GaAs is disposed in the optical cavity beneath annular 
oxidation layer 114. The two confronting layers are a first .02 mm layer 118, 
which is p-doped greater than 1 x 10 19 /cm 3 , and a second .02 mm layer 120, 
5 which is n-doped greater than 1 x 10 19 /cm 3 Tunnel junction interface 116 

confronts n-type bottom mirror stack 100. A reverse conducting tunnel junction 
requires high p and n doping levels for a short distance. This has the potential 
to introduce loss. This loss is largely avoided by placing tunnel junction 
interface 1 16 at a minimum in the standing wave of the optical cavity. 

10 A first n-metal electrode 122 bypasses the bottom and top mirror stacks 

and makes contact with n-cladding layer 106 in optical cavity 102. The VCSEL 
shown in FIG. 4 can be electrically pumped using first and second metal 
contacts 122, 124 to emit coherent electromagnetic radiation having a 
wavelength in a range from 1250 nm to 1650 nm. 

15 A VCSEL constructed according to the principles of the invention has a 

lower electrical resistance than a conventional VCSEL because ohmic contacts 
to n-type material have lower resistance than contacts to p-type material. 
Conduction through an n-type mirror stack is better than conduction through a 
p-type mirror stack, and the absence of p-type dopants in the n-type mirror 

2 0 stack reduces optical loss. 

Thus, using a tunnel junction interface with two n-type mirror stacks, as 
taught herein, reduces optical loss as compared to a conventional VCSEL 
having a p-type mirror and an n-type mirror. Additionally, as compared to a 
conventional VCSEL with a p-type mirror and an n-type mirror, using a tunnel 

25 junction and an intracavity contact with one n-type mirror also reduces optical 
loss according to the invention because the other mirror can be undoped. 
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While several particular forms of the invention have been illustrated and 
described, it will also be apparent that various modifications can be made 
without departing from the spirit and scope of the invention. 
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WHAT IS CLAIMED IS: 

1 A vertical cavity surface emitting laser (VCSEL) comprising: 
a pair of mirror stacks; 

an optical cavity including an active region disposed between said 
5 mirror stacks; 

a tunnel junction interface between an n-doped layer and a p-doped 
layer located in the VCSEL for converting electrons into holes; and 

a pair of n-material contacts causing current flow through said active 
region in said optical cavity. 

10 

2. The VCSEL of claim 1 , wherein: 

said tunnel junction interface is located within said optical cavity. 

3. The VCSEL of claim 1 , wherein: 

1 5 said tunnel junction interface is located within a period of one of said 

mirror stacks adjacent said optical cavity. 

4. The VCSEL of claim 1 , wherein: 

both of said mirror stacks are n-type semiconductor mirror stacks. 

5. The VCSEL of claim 1 , wherein: 
electrical current is driven through both of said mirror stacks. 

6. The VCSEL of claim 1 , wherein: 

said contacts are located so that current flow bypasses a portion of one 
mirror stacks. 



20 



25 



of said 
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7. The VCSEL of claim 1 , wherein: 

at least one of said mirror stacks is undoped. 



8. The VCSEL of claim 1 , wherein: 

5 said optical cavity includes InGaAsP; and 

said mirror stacks are wafer fused to said optical cavity and include 
alternating layers of GaAs and AIGaAs. 

9. The VCSEL of claim 1 , wherein: 

1 0 the VCSEL emits coherent electromagnetic radiation having a 

wavelength in a range from 1250 nm to 1650 nm. 

10. The VCSEL of claim 1, wherein: 

the tunnel junction interface is positioned to be at a minimum of the 
15 standing wave in the optical cavity. 

1 1 The VCSEL of claim 1 , further comprising: 
an annular resistive layer for current confinement. 

20 12. The VCSEL of claim 1 1 , wherein: 

said annular resistive layer is a proton implantation layer. 

1 3. The VCSEL of claim 1 1 , wherein: 

said annular resistive layer is an oxidation layer including AIGaAs. 

25 
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14. The VCSEL of claim 1 , wherein: 

said mirror stacks are each fabricated from material selected from the 
group consisting of metallic, dielectric, epitaxially grown semiconductor, and 
combinations thereof 



15. A method of constructing a vertical cavity surface emitting laser 
(VCSEL) on a semiconductor substrate comprising the following steps: 

(A) disposing a bottom mirror stack above the substrate; 

(B) disposing an optical cavity including an active region above the 
1 0 bottom mirror stack; 

(C) disposing a top mirror stack above the optical cavity; 

(D) forming a tunnel junction interface between an n-doped layer 
and a p-doped layer for converting electrons to holes; and 

(E) applying. a pair of n-material contacts to provide current flow 
1 5 through the active region in the constructed VCSEL. 



5 



16. 



The method of claim 15, further comprising the step: 



locating the tunnel junction interface within the optical cavity. 



20 



17. 



The method of claim 15, further comprising the step: 



locating the tunnel junction interface within a period of either mirror 



stack adjacent the optical cavity. 



18. 



The method of claim 15, wherein: 



25 



the n-material portion is in the top mirror stack. 
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19. The method of claim 15, wherein: 
the n-material portion is in the optical cavity. 



20. The method of claim 15, wherein: 
5 the top mirror stack is undoped. 

21. The method of claim 15 t wherein: 
the optical cavity includes InGaAsP. 

1 0 22. The method of claim 1 5, further comprising the step: 

wafer fusing one of the mirror stacks to the optical cavity. 

23. The method of claim 15, further comprising the step: vf 
wafer fusing both mirror stacks to the optical cavity. 

15 •■' " '• - ;v 

24. The method of claim 1 5, further comprising the step: 
positioning the tunnel junction interface to be at a minimum of the 

standing wave in the optical cavity. 

2 0 25. The method of claim 1 5, wherein: 

the tunnel junction interface includes an n-doped layer of GaAs in 
confronting relationship with a p-doped layer of GaAs. 
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